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Abstract 
In this paper pre-combustion CO2-capture via porous ceramic membranes in lignite fired IGCC power plants is 
investigated. Four different cases were configured with Aspen Plus and Epsilon, including a reference case without 
carbon capture and three cases with carbon capture. The capture technologies were a porous ceramic membrane and 
a ceramic membrane reactor with simultaneous CO2 separation and CO-shift. Two different water gas-shift 
configurations were combined with the membrane reactor. Sensitivity analyses of membrane area and permeation 
pressure were done for the capture cases to investigate the influence on membrane and power plant performance and 
identify the optimum conditions from an energetic viewpoint. All capture concepts showed capture rates over 
97.5 % and the achievable efficiency losses lay between 6.8 and 9.4 %-points. 
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1. Introduction 
A technology for efficient power and hydrogen production with carbon capture is the integrated gasification 
combined cycle (IGCC) power plant. This work focusses on the pre-combustion carbon capture technology applied 
in these power plants with lignite as fuel. Especially for lignite, with its high specific CO2-emissions [1], carbon 
capture would be highly beneficial. Several technologies have been investigated for pre-combustion IGCC power 
plants fired with low rank coals [2–6]. Physical scrubbing with the Rectisol process was investigated by Gräbner and 
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Renzenbrink [2,4] with efficiency losses between 10 % and 11 %-points for carbon capture rates between 74 % and 
85 %. In a report of the NETL [5] different gasifier technologies with the Selexol process for CO2-capture are 
investigated and show net plant efficiencies between 30 and 32 %, therefore efficiency losses between 6 % and 
10 %-points compared with the reference cases. The capture rates were between 79 % and 88 %. By using limestone 
as a sorbent and utilizing the calcination process, Klimantos [3] and Mondol [6] investigated an alternative way for 
CO2-capture and did achieve net efficiencies between 37 % and 40 % with capture rates between 93% and 97 %. 
Another viable alternative to scrubbing processes are membranes and membrane reactors. Metallic membrane 
reactors were examined by Chiesa [7] for hard coal fired IGCC power plants, resulting in a low efficiency loss of 
around 5 %-points with a capture rate of above 92 %. Franz [8,9] investigated hard coal fired IGCC’s with porous 
ceramic membranes and membrane reactors achieving efficiency losses between 7 and 10 %-points with carbon 
capture rates around 97 % and between 6 and 9 %-points, when fixing the carbon capture rates to 90 %. In extend to 
these investigations, this paper focusses on carbon capture via ceramic membranes in lignite fired IGCCs. 
 
Nomenclature 
HRSG heat recovery steam generator 
IGCC Integrated Gasification Combined Cycle  
MEMB IGCC power plant with carbon capture via membrane 
REF  Reference IGCC power plant without carbon capture 
WGSMR water-gas-shift membrane reactor 
WGSMR-fps IGCC power plant with carbon capture via WGSMR and full pre-shift 
WGSMR-htps IGCC power plant with carbon capture via WGSMR and high temperature pre-shift 
WTA fluidized bed dryer with integrated waste heat recovery 
 
2. Process descriptions 
2.1. REF - conventional IGCC without carbon capture 
In the following the process descriptions of a reference IGCC (REF) and three different IGCC concepts for 
carbon capture by micro-porous ceramic membranes or membrane reactors are presented. The process design of the 
reference IGCC is schematically presented in Figure 1. For the gasification, the raw lignite has to be dried, cause of 
its high water content, and milled. In a fluidized bed dryer with integrated waste heat recovery (WTA) the moisture 
of the lignite is reduced to 12 %, at working temperatures of around 100 °C [10]. The gasification process of low 
rank coals in IGCC power plant concepts is most commonly realized with the high-temperature Winkler process 
(HTW) [2–4], since the low process temperature results in low oxygen demand and exergy consumption. However, 
in case of carbon capture, especially via membranes, the high content of methane in the HTW-syngas reduces the 
usable amount of heating value in the gas turbine. Therefore an entrained flow gasifier, as implemented in [5,11], is 
used for lignite gasification for the current study. The gasifier produces a syngas stream, mainly consisting of H2, 
CO and CO2, consuming the dried lignite from the WTA and oxygen from the air separation unit (ASU). In the ASU 
compressed air from the gas turbine compressor is separated into an oxygen stream of 95 % purity and a nitrogen 
rich stream, used to dilute the syngas upstream of the gas turbine. Since the syngas downstream the gasifier has a 
temperature of 1300 °C, it is quenched with recirculated syngas to 900 °C. In the syngas cooler, heat is used to 
produce high and intermediate pressure steam to be used in the steam cycle of the heat recovery steam generator 
(HRSG). 
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Fig. 1. Simplified flow sheet of conventional IGCC without carbon capture 
 
Since the syngas contains dust and gaseous pollutants (HF, COS, H2S…) extensive gas conditioning is necessary, 
before routing the syngas to the gas turbine. After the dedusting in a ceramic filter unit, the water soluble pollutants 
(HCL, NH3 and small amounts of H2S) are removed together with the remaining dust particles in a venturi scrubber. 
Downstream of the venturi scrubber, COS is converted with H2O to H2S and CO2 in a COS hydrolysis. With a 
MDEA absorber/stripper system, the H2S is removed from the syngas. This process step requires low temperatures, 
so the gas stream is cooled down to 40 °C. After the MDEA system, the gas stream is reheated in two steps and 
saturated in between up to a final value of 330 °C. Prior to the combustion chamber of the gas turbine, the hydrogen-
rich clean syngas stream is mixed with the saturated nitrogen from the ASU. The gas turbine model is based on a 
Siemens F-class gas turbine with cooled combustion chamber walls and turbine blades. Turbine and compressor are 
simulated stage by stage accounting for air extraction (compressor) and cooling air addition (turbine). Single stage 
efficiencies were used resulting in overall isentropic efficiencies for turbine and compressor of 88.9 % and 84.4 %, 
respectively. The efficiencies have been set constant for all base load cases examined. The amount of cooling air has 
been set to values which limit the maximum material temperatures to 870 °C. An approach from Klosters (see [12] 
for more details) has been selected which gives a correlation between cooling air temperature, hot gas temperature 
and material temperature. The ISO turbine inlet temperature has been set to 1200 °C and has been kept constant for 
all process schemes in the current paper. Because the heat input by the fuel differs slightly for the following process 
schemes, the compressor mass flow was adjusted by variable inlet guide vane settings to keep the 1200 °C. Finally, 
the HRSG (triple pressure 175/43.5/4 bar) utilizes the sensible heat of the hot flue gas in order to produce steam.  
The fuel analysis of the used brown coal is depicted in Table 1. 
 
Table 1. Brown coal analysis. 
Ultimate Analysis  [%wt] Heating Value (raw coal) [MJ/kg] 
Carbon 30.1 LHV (Hu) 8.957 
Hydrogen 2.23 HHV (Ho) 10.810 
Nitrogen 0.23   
Sulfur 0.32   
Chlorine 0.01   
Water 56.4   
Ash 2.4   
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2.2. MEMB – IGCC with ceramic membrane for separation 
In Figure 2 the integration of a sour water-gas-shift (WGS) (shift before sulfur removal) and a ceramic membrane 
for CO2 separation is depicted. Since the syngas stream mainly consists of H2 and CO, the WGS is necessary to 
convert the CO with H2O into CO2 and H2. The WGS unit is placed inside the gas cleaning unit, downstream the 
ceramic filter and the venturi scrubber and upstream the desulfurization, therefore the catalyst has to be resistant to 
sulfur. The advantage of this configuration is, that the high water content of the syngas after the venturi scrubber 
(19 %) can be used in the shift reaction and reduce the steam demand, while most of the pollutants and dust are 
already removed from the syngas. After the desulfurization the clean syngas is routed as feed gas to the H2 selective 
ceramic membrane, while a sweep gas, consisting of N2 from the ASU, is used. Through the utilization of a sweep 
gas, the permeated H2 is transported away from the surface of the membrane which preserves a high driving force 
over a wider part of the membrane area and results in a lower area demand. Another positive side effect is the 
resulting high pressure of the permeation gas, reducing the necessary compressor work prior the gas turbine.  
 
 
Fig. 2. Simplified flow sheet of IGCC with carbon capture by a ceramic membrane 
The retentate stream of the ceramic membrane mainly contains CO2, but also impurities like not-permeated H2 and 
not-shifted CO. To increase the purity and use the remaining heating value of the retentate stream, a post 
combustion unit is placed downstream the membrane and using O2 from the ASU. After the condensation of the 
H2O, the CO2-stream is cooled and compressed in two steps up to 200 bar. For further improvements in the 
CO2-stream purity, a small amount of the stream is used as fluidization agent for the dried brown coal, replacing N2 
as gasification agent. 
 
2.3. WGSMR – IGCC with ceramic membrane reactor 
The WGS reaction is one of the main sources for efficiency loss in the process, since a high water to CO rate is 
required to achieve a high conversion rate and the released energy is lost for usage in the gas turbine and can only be 
used for steam generation, which means an exergy loss. Through the optimization of this reaction, the efficiency of 
the process can be improved noticeably. Combining the WGS reaction and the permeation of the membrane in a 
water-gas-shift-membrane reactor (WGSMR) is a promising approach resulting in a higher overall shift and 
permeation rate. Catalytic active material is used on the feed side of the membrane (either catalyst coated membrane 
or non-catalytic membrane in combination with a packed bed of catalyst) and therefore the WGS reaction and the 
permeation over the membrane occur simultaneously and support each other. Through the WGS reaction, the H2 
amount on the feed side is increased which also increases the driving force and the permeation flux. On the other 
hand, the WGS reaction is driven further to the reactant side, since the H2 permeates across the membrane. Note, 
that a pre shift is still required since the heat of reaction of the whole shift would exceed the maximum temperature 
of the catalyst or require an intensive cooling within the reactor. 
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Fig. 3. Simplified flow sheet of IGCC with carbon capture by a ceramic membrane reactor 
 
2.3.1. WGSMR-fps – IGCC with ceramic membrane reactor and full pre shift 
The configuration of a CO2 capture with a catalytic water-gas-shift-membrane reactor (WGSMR) is shown in 
Figure 3. The difference to the previous case is the integration of the membrane unit, which is placed inside the 
WGS-unit. As depicted in Figure 4a, the water excess in the WGS-unit is realized with a saturator/cooler cycle and 
steam injection. Cause of the exothermic character of the reaction, it is realized within two catalytic reactors 
operating at different temperature levels. While the first works at high temperatures, resulting in a fast reaction and a 
70 % shift rate, the second reactor works at low temperatures, driving the equilibrium of the reaction further onto the 
reactant side and accomplishing a 94 % shift rate. With the integration of the WGSMR downstream of the WGS-
reactors, the CO-shift rate can be driven to a maximum of 99.75%. Since more H2 is produced and routed to the gas 
turbine, instead of being utilized in the less efficient post combustion unit, the efficiency of the process is improved. 
 
 
Fig. 4. (a) CO-Shift layout for WGSMR-fps; (b) CO-Shift layout for WGSMR-htps  
 
2.3.2. WGSMR-htps – IGCC with ceramic membrane reactor and high temperature pre shift 
 
The WGSMR combines separation of the hydrogen and completion of the WGS-reaction in one reactor. As the 
purpose of the low-temperature catalytic reactor is also to accomplish high CO-shift rates, the downstream 
positioning of the WGSMR is therefore redundant. The two reactors can be condensed into one unit, reducing the 
complexity and investment costs of the WGS unit, as depicted in Figure 4b. With a higher amount of CO reacting 
inside the WGSMR, more energy is released, due to the reaction, and higher temperatures and thermal stresses 
appear inside. 
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3. Simulation methods 
The process simulation tool Aspen Plus was used for the main part of the IGCC power plant. Some units, like the 
HRSG and the membrane or membrane reactor, were modeled through different enhancements. The membrane and 
membrane reactor are simulated via a Fortran code, which can be integrated as a subroutine into Aspen Plus. For the 
HRSG Epsilon is used, because of its excellent convergence quality for steam cycle simulations. The coupling 
between Epsilon and Aspen Plus is realized by an EbsScript in Epsilon and a Fortran subroutine integrated into 
Aspen Plus, respectively. 
 
3.1. Aspen Plus and Ebsilon model methods 
In Table 2 the main assumptions of the Aspen Plus model are listed. For the properties of gases the PR-BM 
equation of state and for the properties of water and vapor the steam tables STEAMNBS of Aspen Plus were used. 
All compressors not listed in the tables were modeled with an isentropic efficiency of 89 %. The gasification 
reactions were assumed to be in equilibrium, except for the Methanisation and Boudouard reactions. A Gibbs reactor 
with approach temperatures for the latter two equations was applied. The CO2 compression was performed in two 
stages, while the first stage compresses the CO2 above the critical pressure and after intercooling the CO2 is pumped 
to 200 bar. 
     Table 2. Aspen Plus and Ebsilon model assumptions. 
ASPEN  EPSILON  
Gas turbine Is. efficiency [%] Steam turbine Is. efficiency [%] 
Compressor 84.4 HP 90.0 
Turbine 88.9 IP 92.5 
Gasification temperature 1300 °C LP 91.0 
Membrane temperature range 200-500 °C Pinch Points 10 K 
Hydrogen permeability 1*10-5 kmol/s-bar-mϡ Outlet flue gas temperature 100 °C 
 
3.2. Membrane simulation methods 
The membrane simulations were conducted with a Fortran code, with a counter current flow configuration, heat 
transfer and in case of the membrane reactor simulations with simultaneous calculations of permeation and CO shift 
reaction. The permeation law for the permeation dni of species i over the area increment dA incorporated for this 
work was equation (1), while the CO-Shift reaction is represented by equation (2). 
  dAppQnd pifiii  ,,   (1)             222 HCOOHCO    (2) 
Qi is denoting the permeability in kmol/s-bar-mϡ, which is a function of the membrane thickness and the material 
characteristics. For all simulations the permeability for H2 was kept constant at 1*10-5 kmol/s-bar-mϡ. pi,f and pi,p 
represent the partial pressure of species i on the feed and the permeate side, respectively. Since the ceramic 
membranes work as a molecular sieve, other species permeate with H2. The selectivity of H2 towards N2, CO and 
CO2 is defined to be 500, other species do not co-permeate. The selected data are based on a literature study by 
Franz [13] and are realistic but ambitious numbers. The simulations were calculated for 4-end modules with heat 
exchange and the CO-shift calculations were based on kinetics described by Boutikos [14]. 
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4. Simulation Results 
Four classification numbers are introduced for the evaluation of carbon capture performance, see equations (3) to 
(6). Sep describes the separation degree, which means, it illustrates how much CO2 is captured in relation to the CO2 
produced by the power plant process in total. Pur measures the purity of the CO2 separated, it should at least be 
higher than 95%. Rec stands for the hydrogen recovery factor and measures how much H2 can be used in the gas 
turbine cycle, while Shr denotes the shift rate and is a measure for the amount of CO reacted in the shift unit. 
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4.1. MEMB case 
A sensitivity variation of the permeate pressure and membrane area was executed to identify the energetic 
optimum and point out the influence of the determining variables on membrane performance. In Figure 5a the 
efficiency loss of the IGCC due to carbon capture in dependency on the membrane area and permeate pressure is 
shown. It is depicted as lines of constant efficiency loss. The optimum power plant efficiency of 39.35 % with an 
efficiency loss of 9.4 % points is reached with a membrane area of around 100 000 m² and a permeate pressure of 
26 bar (as shown in Figure 5a). For lower membrane areas the optimum permeate pressure decreases. For example, 
for a given membrane area of 55 000 m² the optimum permeate pressure is 21 bar and the resulting efficiency loss 
10.8 %-points. On the other side, a further rise in membrane area shows no significant increase in the power plant 
efficiency (< 0.2 % points), because the hydrogen recovery factor has reached over 99 % (Figure 5b). With 
increasing membrane area the purity of the CO2 stream and the rate of captured CO2 decrease. This effect is related 
to the co-permeation of the other species resulting in higher impurities in the retentate and more CO2 routed to the 
gas turbine and therefore not being captured. 
 
      
Fig. 5. (a) MEMB: Efficiency drop; (b) MEMB: Sep, Pur, Rec, Shr for permeation pres. of 26 bar 
4.2. WGSMR-fps case 
As in the MEMB case a sensitivity analysis has been done, where the permeate pressure was varied between 14 
and 25 bar and the membrane area between 65 000 and 150 000 m². The efficiency drop (Figure 6a) shows a 
significant difference in behavior with increasing membrane area in comparison with the previous results of the 
MEMB case (Figure 5a). Because of the high water content in the feed stream, which is required for the shift, the 
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hydrogen partial pressure and therefore the hydrogen permeation per m² is reduced. As a result of this, the permeate 
pressure of the energetic optimum for the different membrane areas lay clearly below those of the MEMB case 
adjusting the hydrogen partial pressure difference. With a membrane area of 65 000 m² the energetic optimum lays 
at a permeate pressure of 15 bar and a power plant efficiency of 39.48 %. As in the previous case, the optimum 
permeate pressure shifts towards higher values reaching the minimum efficiency loss of 6.8 % points at 21 bar and 
150 000 m². As indicated by Figure 6b, the power plant efficiency could be further increased with higher membrane 
area since the curve of the hydrogen recovery rate has not reached a constant value. With an expansion of the 
membrane area to 200 000 m² (which would imply severe additional investment costs) the recovery rate reaches a 
value above 99 % resulting in a power plant efficiency of 42.28 % with a permeate pressure of 24 bar. The trend of 
the purity and the separation degree of the CO2 is similar to the MEMB case, whereas the values are slightly higher 
induced by the water content in the feed, causing lower co permeation of carbon gases. 
 
      
Fig. 6. (a) WGSMR-fps: Efficiency drop; (b) WGSMR-fps: Sep, Pur, Rec, Shr for permeation pres. of 21 bar 
 
4.3. WGSMR-htps case 
The structure of this case is similar to the WGSMR-fps case with the difference that the low temperature WGS 
reactor is removed and its task been taken over by the WGSMR. In Figure 7b the separation degree, shift rate and 
purity are quite identical to the previous case, while the hydrogen recovery rate differs. This is caused by the lower 
shift rate at the entrance of the membrane reactor (70 %) and the related lower hydrogen content. In a counter-
current membrane reactor the hydrogen partial pressure difference at the permeate outlet is determining for the 
overall hydrogen recovery rate, this is why the hydrogen recovery rate of the htps case is always below the fps one. 
The lines of constant efficiency loss in figure 7a are therefore shifted towards higher membrane areas with the 
minimum efficiency loss of 6.9 %-points at 150 000 m² and 21 bar. Similar to the previous case, a higher membrane 
area of 200 000 m² would result in a higher efficiency of 42.21 %-points with a permeate pressure of 23 bar. 
 
      
Fig. 7. (a) WGSMR-htps: Efficiency drop; (b) WGSMR-htps: Sep, Pur, Rec, Shr for permeation pres. of 21 bar 
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4.4. Comparison of different cases 
An overview over the results of the different cases is given by Table 3. All three capture cases achieve a 
separation degree of over 97.6 % and a purity of the CO2-stream of around 95 %. The efficiency loss in relation to 
the reference non capture case of the membrane case is 7.8 %-points, while 6.8 %-points loss is achievable with the 
membrane reactor. The results are in good agreement with the previous investigations of Franz [8,9] on hard coal 
fired IGCC power plants. Net efficiencies are higher for brown coal, but the efficiency losses and separation degrees 
are both approximately around 6.8 %-points and 97 %, respectively. The major difference lies in the required 
membrane area, which is about 50 % higher for the lignite case. With the lower heating value, more lignite is 
required to achieve the same power output resulting in an increase of the syngas stream and a decrease of the 
hydrogen partial pressure. 
Table 3. Detailed results of the simulations 
  REF MEMB WGSMR-fps WGSMR-htps 
Gas turbine power MW 249.99 216.70 225.68 225.05 
Steam turbine power  MW 175.99 150.17 160.88 161.09 
ASU consumption MW 31.85 56.87 51.04 51.19 
O2 compressor MW 6.03 6.59 6.30 6.32 
N2 compressor MW 17.13 19.03 14.77 14.82 
CO2 compression MW - 8.22 8.18 8.19 
Net power output MW 358.46 289.23 308.49 307.78 
LHV fuel input MW 735.01 735.01 735.01 735.01 
Net efficiency (LHV) % 48.77       39.35 41.97 41.87 
Efficiency loss %-points - 9.42 6.80 6.90 
Separation degree % - 97.91 97.64 97.74 
Purity % - 95.06 94.78 94.79 
Steam to CO ratio - - 2 1.65 1.75 
Shiftrate % - 93.94 99.82 99.80 
Membrane selectivity - - 500 500 500 
Area demand m² - 100000 150000 150000 
Permeate pressure bar - 26 21 21 
Specific CO2 emissions kgCO2/kWh 0.91 0.0263 0.0278 0.0267 
 
5. Conclusions 
In this work the pre combustion CO2 capture in lignite fired IGCC with ceramic membranes was investigated. In 
the membrane case a power plant efficiency of 39.35 % with a CO2 separation degree of 97.9 % could be achieved. 
The membrane reactor cases showed a higher power plant efficiency of 41.97 % with a slightly lower separation 
degree of 97.6 %. With the investigated technology nearly all CO2 could be captured for one of the most 
CO2-emitting fossil fuels. The simulations also demonstrated that the removal of the low temperature water-gas-shift 
reactor has no significant influence on the performance of the membrane reactor or the whole IGCC. Note that this 
setting with a higher temperature gradient over the reactor may induce greater thermal stresses which have to be 
considered at reactor construction. 
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